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ABS TRACT 

An exper imenta l  s t u d y  of t h e  exhaus t  plume of an  aged (200,000 p u l s e s )  

0.44 N hydraz ine  monopropel lant  t h r u s t e r  has been performed with t h e  goa l  

of c h a r a c t e r i z i n g  both t h e  gas  dynamic and contaminat ion  p r o p e r t i e s  of 

t h e  exhaus t .  The t h r u s t e r  w a s  ope ra t ed  over a t h r u s t  range of 0.44 t o  

1 .10  N wi th  a nominal 0.14  sec on/lO.O sec o f f  du ty  c y c l e  u s i n g  i n i t i a l  

c a t a l y s t  bed ( S h e l l  4 0 5 )  t empera tures  of 367,  478 and 589 K .  Exhaust 

d i a g n o s t i c  systems employed inc luded  a mass spec t rometer  probe ,  a q u a r t z  

c r y s t a l  microbalance (QCM), a laser-Raman/Rayleigh system, an  e l e c t r o n  

beam which permi t ted  f luo rescence  measurements and f low v i s u a l i z a t i o n ,  

a n d a p a r t i c l e  c o l l e c t o r .  Plume s p e c i e s  number d e n s i t i e s  and r o t a t i o n a l  

tempera tures  were determined a long  wi th  mass d e p o s i t i o n  rates a t  v a r i o u s  

QCM cryogenic  s u r f a c e  temperz tures .  T r a d i t i o n a l  engine  performance para- 
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meters were a l s o  determined i n  o r d e r  t o  relate performance and exhaus t  

p r o p e r t i e s .  This  paper  concen t r a t e s  on contaminat ion measurements made 

us ing  t h e  mass spec t rometer  probe and QCM. The r e s u l t s  show t h e  v a r i a -  

t i o n  of s p e c i e s  mole f r a c t i o n s  and d e p o s i t i o n  ra tes  wi th  p u l s e  number 

and o p e r a t i n g  cond i t ion  a long  wi th  the  a s s o c i a t e d  engine  performance 

va lues .  A s i g n i f i c a n t  i n c r e a s e  i n  hydrazine c o n c e n t r a t i o n s  i n  t h e  plume 

was  observed t o  occur  a t  a p o i n t  i n  t i m e  w i thou t  s i g n i f i c a n t  loss of 

engine performance. Th i s  phenomenon w a s  i n v e s t i g a t e d  i n  d e t a i l  and 

t h e  r e s u l t s  are  d i scussed  ., 
1.0 INTRODUCTION 

The u s e  of monopropellant t h r u s t e r s  as a t t i t u d e  c o n t r o l  systems and 

f o r  s t a t i o n  keeping f u n c t i o n s  has  s t imu la t ed  i n t e r e s t  over  t he  p a s t  

several y e a r s  i n  t h e  contaminat ion c h a r a c t e r i s t i c s  of t h e i r  plume ex- 

h a u s t s .  The tendency f o r  present-day sa te l l i t es  and s p a c e c r a f t  i s  t o  have 

a l a r g e  number of c ryogenic  temperature  s u r f a c e s ,  one e f f e c t  of which in-  

creases t h e  importance of knowing t h e  types and q u a n t i t i e s  of p o s s i b l e  con- 

tamina t ing  elements  i n  t h e  propuls ion  dev ices '  exhaus ts .  The Contamination 

c h a r a c t e r i s t i c s  of a t h r u s t e r  i nc lude  t h e  mass f l u x  of p a r t i c u l a t e ,  

condensate  and r a w  fuel, f o r  bo th  t h e  forward-flow and back-flow r e g i o n s  

of the  exhaus t ;  and t h e  a p p l i c a t i o n s  of such knowledge are obvious.  

This  p a r t i c u l a r  s tudy  has  concent ra ted  i t s  i n v e s t i g a t i o n s  i n  t h e  forward- 

flow reg ion  and had as i t s  g o a l  t h e  measurements of n o t  o n l y  t h e  contam- 

i n a n t  m a s s  f l u x  b u t  a l s o  t h e  gas  dynamic p r o p e r t i e s  of t h e  plume exhaus t  

t o  v e r i f y  and q u a n t i t a t i v e l y  determine the  r e l a t i o n s h i p  between t h e  gas  

dynamic p r o p e r t i e s  and t h e  contaminat ion  l e v e l  and n a t u r e  of i t s  source .  

457 



To accomplish t h e s e  t a s k s  use  w a s  made of an  aged monopropellant 

I hydrazine engine  of nominal 0.44 N t h r u s t  l eve l  which w a s  ope ra t ed  i n  t h e  

pulsed  mode. I n  a d d i t i o n  t o  t h e  u s u a l  eng ine  p r o p e r t i e s  of combustion 

chamber p r e s s u r e ,  c a t a l y s t  bed w a l l  t empera ture  and f u e l  mass f low rate ,  

measurements w e r e  performed t o  de te rmine  t h e  gas  dynamic p r o p e r t i e s  

( spec ies  d e n s i t i e s  and t empera tu re )a t  bo th  t h e  engine  e x i t  p l ane  and i n  t h e  

forward-flow expansion r eg ion ,  t h e  contaminant -mass f l u x ,  and t h e  n a t u r e  

of t h e  s o l i d  and/or  l i q u i d  p a r t i c u l a t e  i n  t h e  exhaus t .  

w a s  p laced  on t h e  d e t e c t i o n  and i d e n t i f i c a t i o n  of ca t a lys t -bed  p a r t i c l e s .  

P a r t i c u l a r  emphasis 

Th i s  paper p r e s e n t s  a d e s c r i p t i o n  of t h e  exper imenta l  t echniques  em- 

ployed t o  accomplish t h e s e  g o a l s ,  exemplary gas  dynamic d a t a  and a de- 

t a i l e d  presentation o€ t h e  contaminant measurements ob ta ined  u s i n g  t h e  

mass spec t rometer  probe and QCM. A d d i t i o n a l l y ,  a d e s c r i p t i o n  of a cata- 

s t r o p h i c  i n c r e a s e  i n  plume contaminants t h a t  occur red  du r ing  

the t h r u s t e r  s tudy  w i l l  be p re sen ted  a long  w i t h  a documentation of t h r u s t e r  

performance changes a f t e r  t h i s  occu r rence .  A t o t a l  of 18 test p e r i o d s  o f  

two days d u r a t i o n  each  w e r e  necessa ry  t o  complete t h e  exper imenta l  s tudy .  

2.0 EXPERIMENTAL APPARATUS AND PROCEDURES 

2.1 Thrus t e r  

The t h r u s t e r  s t u d i e d  i s  a s i n g l e  i n j e c t o r  monopropellant hydraz ine  

dev ice  which c o n t a i n s  S h e l l  405 c a t a l y s t  material ,  The t h r u s t e r  i s  de- 

s igned  t o  provide  0.44 N t h r u s t  and a s p e c i f i c  impulse o f  2099 N-sec/kg 

a t  a s t e a d y - s t a t e  chamber p r e s s u r e  of 5.93 x 10 Pa. The exhaus t  was 

Provided by a c o n i c a l  n o z z l e  wi th  0.76 mm t h r o a t  d iameter  and an e x i t  a r e a  

r a t i o  o f  5 5 .  P r i o r  t o  t h e  measurements of t h e  exhaus t  p r o p e r t i e s ,  

5 
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engine performance l e v e l s  were determined by measuring t h e  t h r u s t e r  combus- 

t i o n  chamber p r e s s u r e  and f u e l  mass f low r a t e  f o r  s e v e r a l  v a l u e s  of  v a l v e  i n -  

l e t  p r e s s u r e .  The r e s u l t s  compare w e l l  wi th  prev ious  measurements per -  

formed by t h e  engine  manufac tu re r , a s  w e l l  as p rev ious  i n v e s t i g a t o r s .  

The p r e p u l s e  c a t a l y s t  bed temperature w a s  s y s t e m a t i c a l l y  v a r i e d  over  

t h e  range  of 366.5 t o  477.6 K u s i n g  a n  e x t e r n a l  h e a t e r ,  and f u e l  temper- 

a t u r e  w a s  nominally room tempera ture  (285 K ) .  -The e x t e r n a l  lower w a l l  

temperature of t h e  combustion chamber and t h e  nozz le  t h r o a t  tempera ture  were 

measured throughout t h i s  work. Chemical a n a l y s i s  of  t h e  hydraz ine  f u e l  

was performed t o  de te rmine  i t s  chemical p u r i t y ,  and a l l  s p e c i f i c a t i o n s  

w e r e  s a t i s f i e d  (Mil-P-26536C). 

and t h e  chamber p r e s s u r e  w a s  v a r i e d  from 5.86 t o  1 4 . 1  x 1 0  Pa. The 

p u l s e  wid th ,  as determined from eng ine  so l eno id  va lve  c u r r e n t  t races ,  

w a s  nominally 140 msec. A schemat ic  of t h e  t h r u s t e r  i s  shown as  Fig .  1. 

The r a d i a t i o n  h e a t  s h i e l d  shown i n  t h e  f i g u r e  w a s  removed p r i o r  t o  

o p e r a t i n g  t h e  t h r u s t e r  a t  AEDC. 

2 .2  Vacuum Chamber 

1 

The engine  w a s  ope ra t ed  i n  a pulsed  mode, 

5 

The engine  w a s  conta ined  w i t h i n  a cryogenically-pumped r e s e a r c h  

vacuum chamber wi th  a d iameter  and l e n g t h  of 1 . 2  m and 5.2 m ,  respect- 

i v e l y .  L iquid  N gaseous H e  a t  20 K and l i q u i d  H e  were used f o r  cryo- 

gen ic  pumping of t h e  plume exhaus t  p roduc t s ,  and f o r  the  h i g h e s t  eng ine  

t h r u s t  c o n d i t i o n  s t u d i e d  t h e  chamber background p r e s s u r e  was less  than  

2' 

'Baerwald, R. K .  and Passamaneck, R. S . ,  Monopropellant Thrus t e r  - 
Exhaust Plume Contamination -- Measurements, AF~Y-TR-77-44 (1977).  
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9.3 x lO-*Pa, corresponding t o  a s imula ted  a l t i t u d e  of  approximately 94 

km. The engine  w a s  mounted on a t r a v e r s i n g  mechanism w i t h  t h r e e  l i n e a r  

degrees  of freedom which allowed a l l  f l o w f i e l d  in s t rumen ta t ion  t o  be 

s t a t i o n a r y ;  F ig .  2 shows t h e  l o c a t i o n  of t h e  engine w i t h i n  t h e  vacuum 

chamber. 

i n  a previous  p a p e r .  

A d e s c r i p t i o n  of t h e  vacuum chamber and t h r u s t e r  is conta ined  

2 

2.3 Mass Spectrometer  Probe 

The c ryogen ica l ly  pumped mass spec t rometer  probe used i n  t h i s  i n v e s t i -  

3 g a t i o n  h a s  been desc r ibed  i n  d e t a i l  i n  a previous  p u b l i c a t i o n  . The gas- 

eous helium-cooled probe,  shown i n  Fig.  3 ,  w a s  l oca t ed  on t h e  t h r u s t  a x i s  

and c e n t e r l i n e  of the  t h r u s t e r  plume wi th  t h e  skimmer t i p  l o c a t e d  a t  

ax ia l  pos i t ions450 - -  < 2 < 650. 

i n s u l a t e d  s e c t i o n s ;  t h e  f r o n t  s e c t i o n  w a s  cooled t o  12-20Kfor  pumping pur- 

The probe w a s  f a b r i c a t e d  i n  two thermally-  

poses,and t h e  a f t  s e c t i o n ,  c o n t a i n i n g  t h e  e l e c t r o n i c s ,  w a s  uncooled. 

t h e  12Kprobe  temperature  would no t  cryopump (adsorb)  t h e  plume hydrogen, 

CO 

s o r p t i o n  i n t o  the  r e s u l t a n t  C02 f r o s t .  

S ince  

w a s  p e r i o d i c a l l y  i n j e c t e d  i n t o  t h e  probe t o  permit  H2 pumping by ab- 2 

The probe f u n c t i o n s  under t h e  same p r i n c i p l e  as a molecular  beam sys-  

t e m .  I n  e f f e c t ,  t h e  probe serves as t h e  l a s t  s t a g e  of a two-stage mini- 

a t u r e  molecular  beam-mass spec t rometer  system. For f r e e  j e t s  (plumes ex- 

haus t ing  t o  vacuum) wi th  l i t t l e  condensa t ion , th i s  g i v e s  p r a c t i c a l l y  a n  

2 W i l l i a m s ,  W .  D . ,  McCay. T. D . .  Powell ,  H. M.. , Weaver, D. P. , P r i c e ,  
L. L.  and L e w i s ,  J .  W. L . ,  Experimental  Study of Monopropellant Hydrazine Thrus te r  
Exhailst. JANNAF 1.Oth Plume Technology Meetiiig, San Diego, Ch. (1977) .  

3 McCay, T. D . ,  P o w e l l ,  H. M. and Busby, M. R . ,  D i r ec t  Fhss Spectromeric  
Measurements i n  a Higlrly Expanded I b c k e t  Exhaust Plume,  A I M  Paper  77-154- 

~ (1977). 
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unperturbed measurement o f  j e t  s p e c i e s ,  

t h e  probe skimming a molecular  beam from t h e  plume c e n t e r l i n e  which i s  

Bas ic  o p e r a t i o n  c o n s i s t s  of 

d i r e c t e d  on to  the i o n  source  entrance a p e r t u r e  t h a t  s e r v e s  as a c o l l i -  

mator. Only a small f r a c t i o n  of  t h e  e n t e r i n g  gases  i s  i o n i z e d  i n  t h e  

i o n  source ,  w i th  t h e  remainder p a s s i n g  through t h e  quadrupole  s e c t i o n  and 

p a r a x i a l  m u l t i p l i e r  and impinging upon t h e  probe endp la t e .  

The mass spec t rometer  d a t a  were t aken  i n  two b a s i c  modes, e i t h e r  t h e  

spec t rometer  w a s  swept over t he  e n t i r e  0-55 atomic mass u n i t  (amu) mass 

range as many times as  p o s s i b l e  d u r i n g  t h e  engine  pu l se ,  o r  a l i m i t e d  sweep 

w a s  employed which swept over a four-amu mass range and pe rmi t t ed  d e t a i l e d  

i n t r a p u l s e  d a t a  t o  be obta ined  f o r  t h a t  range .  

c o r d e r a  o s c i l l o g r a p h .  The d a t a  ob ta ined  were f o r  t h e  primary s p e c i e s  of 

i n t e r e s t ,  H2 ,  NH3, H 2 0 ,  N 

I 
Data w e r e  output on a Visi- 

and N H mole f r a c t i o n  r a t h e r  than a b s o l u t e  number 
2 2 4 ’  

d e n s i t y  measurements were made. From p rev ious  i n v e s t i g a t i o n s  4 i t  has  been 

5 determined t h a t  publ i shed  v a l u e s  

p a t t e r n s  were a p p l i c a b l e  f o r  t h e  quadrupole system used i n  t h e  probe. 

f o r e ,  t h e s e  were employed i n  r e d u c t i o n  of t h e  mass spec t romete r  d a t a .  

f o r  i o n i z a t i o n  c r o s s  s e c t i o n s  and c rack ing  

There- 

2.4 The Quartz C r y s t a l  Microbalance System 

A q u a r t z  c r y s t a l  microbalance (QCM) w a s  u t i l i z e d  i n  t h i s  s t u d y  f o r  

measurements of t h e  mass d e p o s i t i o n  rate and t o t a l  mass d e p o s i t i o n  i n  t h e  

exhaus t  plume. Measurements were made f o r  c r y s t a l  s u r f a c e  tempera tures  

‘McCay, T. D . ,  Powell ,  H. M. and Busby, M. R . ,  Development of a Cryo- 
g e n i c a l l y  Pumped Mass Spectrometer Probe f o r  Rocket Plume S t u d i e s ,  AEDC- 
TR-76-55. 

’Cornu, A .  and Massot, R . ,  Compi la t ion  of Mass S p e c t r a l  Data, 2nd ed .  , 
Vol. I ,  Heydon, New York (1975). 

464 



i n  t h e  range 90 t o  200 K a t  a v a r i e t y  of r a d i a l  and a x i a l  p o s i t i o n s  i n  

the  forward flow r e g i o n  of t h e  t h r u s t e r  f o r  a wide range o f  engine  

o p e r a t i n g  cond i t ions .  

The QCM c o n s i s t s  of a q u a r t z  c r y s t a l ,  an e l e c t r o n i c  o s c i l l a t o r ,  and 

a d a t a  p rocess ing / r eco rd ing  system. The p i e z o e l e c t r i c  e f f e c t  of t he  

q u a r t z  c r y s t a l  i s  used t o  s t a b i l i z e  t h e  resonance frequency of t h e  o s c i l -  

l a t o r .  This  resonance frequency,  which depends upon t h e  ang le  of t h e  c r y s t a  

c u t ,  i s  found t o  be a func t ion  of t h e  mass depos i t ed  on t h e  c r y s t a l  su r -  

f a c e  and t h e  c r y s t a l  s u r f a c e  temperature .  The r e l a t i o n :  f o r  t h e  change 

i n  f requency,  Af, t h a t  r e s u l t s  when t h e  c r y s t a l  expe r i ences  a mass change, 

AM, and temperature  change, AT, i s  g iven  by 

Af = C AM + CT AT m 

where C is  t h e  mass c o e f f i c i e n t  and C i s  t h e  temperature  c o e f f i c i e n t  

of  t h e  q u a r t z  c r y s t a l .  

m T 

S ince  a measurement of t h e  v a r i a t i o n  of QCM frequency wi th  depos i t ed  

m a s s  was r equ i r ed ,  care w a s  taken t o  minimize t h e  i n f l u e n c e  of temper- 

a t u r e  on t h e  observed frequency.  For t h i s  reason  a QCM of t h e  temperature  

1 compensating v a r i e t y  developed by JPL was u t i l i z e d .  For t h i s  type  of 

QCM a doub le t  c r y s t a l  i s  c u t  and e l e c t r o d e s  s u i t a b l y  a r ranged  such t h a t  

two independent c r y s t a l  o s c i l l a t o r s  are ob ta ined .  For t h e  two c r y s t a l s ,  

A f 2  = C AM + CT AT2 . 2 2 
Afl = C AM1 + C AT2 and 

ml T1 m2 
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Since  two c r y s t a l s  are of i d e n t i c a l  p i e z o e l e c t r i c  p r o p e r t i e s  and are  con- 

s t r a i n e d  t o  i d e n t i c a l  temperature environments,  

C = C , C = C , and ATl = AT2 
2 'T1 T2 m 1 m 

and t h e  fo l lowing  r e l a t i o n  r e s u l t s :  

Af = A f l  Af2 = C (AM1 - AM2) 
1 m 

Y 

(3 )  I 

When one of t h e  c r y s t a l  s u r f a c e s  i s  s h i e l d e d  from mass d e p o s i t i o n ,  t h e  

b e a t  frequency s h i f t  of t h e  two c r y s t a l s  i s  given by the following simple 

r e l a t i o n  : 

I 

Af  = Cm AMI 
1 

An e v a l u a t i o n  of t h e  m a s s  c o e f f i c i e n t ,  C , y i e l d s  t h e  d e s i r e d  mass depos i -  

t i o n  rate expres s ion  u t i l i z e d  f o r  t h i s  s tudy :  

m 

dM 8 df - =  1.524 x 10- - 
d t  a t  

where t h e  mass d e p o s i t i o n  r a t e  p e r  u n i t  area,  dM/dt, is  g iven  i n  grams/ 

cm -sec when d f / d t  i s  g iven  i n  Hz/sec. 
2 

The QCM u t i l i z e d  i n  t h i s  s t u d y  was s u p p l i e d  by t h e  Jet  P ropu l s ion  

Labora tory  and had an AT c r y s t a l  c u t  of 35°10'. T h i s  c u t ,  which g i v e s  
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a small temperature c o e f f i c i e n t  i n  t h e  tempera ture  range 125 K and above, 

when coupled w i t h  t h e  JPL doub le t  c r y s t a l  des ign ,  p rov ides  e f f e c t i v e  t e m -  

p e r a t u r e  compensation i n  the  range ove r  which measurements w e r e  made. 

The QCM u n i t  was cooled by thermal c o n t a c t  v ia  a me ta l  conduc- 

t i o n  p a t h  a t t a c h e d  t o  t h e  4 x 10 chamber gaseous helium supply  system. 

ance h e a t e r s ,  c o n t r o l l e d  by t h e  thermocouple a t  t h e  c r y s t a l  s u r f a c e ,  

maintained t h e  u n i t  o p e r a t i n g  tempera ture .  The  a b i l i t y  t o  vary  t h e  c rys-  

t a l  s u r f a c e  tempera ture  allowed a g r o s s  d i s t i n c t i o n  of t h e  contaminat ing  

s p e c i e s .  

Table 1 f o r  r e f e r e n c e .  

Resist- 

Expected condensate f o r  a g iven  QCM tempera ture  i s  l i s t e d  i n  

Table 1 Expected QCM Condensate 

QCM Teicpcra t u r e  Expected Condensate 

200 K 

172 K 

Trace I m p u r i t i e s  

Hydrazine 

144 K Hydrazine and water 

100 K Hydrazine,  water, 
ammonia 

The exper imenta l  c o n f i g u r a t i o n  of t h e  QCM system for t h e  two phases of 

t h e  t h r u s t e r  s tudy  i s  d e p i c t e d  i n  F i g .  4 .  I n  test  phase I ,  t h e  QCM 

c r y s t a l  s u r f a c e  w a s  l o c a t e d  a t  an a n g l e  of 30 deg r e l a t i v e  t o  t h e  chamber 

c e n t e r l i n e  and 38.75 c m  from t h e  c e n t e r  of t h e  t h r u s t e r  e x i t  p l ane  f o r  t h e  

t h r u s t e r  a x i s  cen te red  on t h e  chamber c e n t e r l i n e  and t h e  t h r u s t e r  c a r t  i n  

t h e  forward-most p o s i t i o n .  For t es t  phase 11, t h e  QCM c r y s t a l  s u r f a c e  w a s  

p o s i t i o n e d  on t h e  ( t . h rus t e r )  chamber c e n t e r l i n e  a t  a d i s t a n c e  of 113.35 
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c m  from t h e  t h r u s t e r  e x i t  p l ane  wi th  t h e  t h r u s t e r  car t  i n  the  

forward most p o s i t i o n ,  For  both  exper imenta l  c o n f i g u r a t i o n s ,  QCM 

p o s i t i o n  and s u r f a c e  a n g l e  wi th  r e s p e c t  t o  t h e  t h r u s t e r  e x i t  p l a n e  

was re fe renced  i n  terms of an a x i a l  p o s i t i o n  from t h r u s t e r  e x i t  and a 

r a d i a l  d i s t a n c e  pe rpend icu la r  t o  t h e  t h r u s t e r  a x i a l  c e n t e r l i n e .  

2.5 Lase r  Raman and Rayleigh/Mie System 

6 Raman s c a t t e r i n g  measurements were performed 0.5 and 1.3 cm 

downstream from t h e  engine  e x i t  p l ane  t o  determine t h e  s p e c i e s  

number d e n s i t i e s  of N 

of H2, which , because of s u f f i c i e n t l y  h igh  gas  d e n s i t y ,  is  equa l  t o  

t h e  gas  k i n e t i c  temperature .  Such d a t a  were acqu i red  f o r  combustion 

chamber p re s su res  covering t h e  range 5.86 t o  1 4 . 1  x 10 Pa. A Holobeam 

600 series pulsed ruby laser system was u t i l i z e d  t o  p rov ide  e x c i t a t i o n  

€or  t h e  Raman and Rayleigh/Mie s c a t t e r i n g .  

w a s  o r i e n t e d  t o  provide  a h o r i z o n t a l l y  p o l a r i z e d  beam, and t h e  laser w a s  

opera t ed  i n  t h e  convent iona l  mode which provided  a pu l se  width of 1 m s  

and an  energy of 35 J p e r  p u l s e  a t  6943 2. 
injected into the  chamber v ia  appropriate focusing o p t i c s ,  and t h e  ob- 

served  c y l i n d r i c a l  f o c a l  volume, which w a s  l o c a t e d  on t h e  t h r u s t e r  

a x i a l  c e n t e r l i n e ,  had t h e  approximate dimensions of 1 mm d iameter  by 

2.77 mm l eng th .  F igure  5 shows t h e  exper imenta l  c o n f i g u r a t i o n  f o r  t h e  

Raman and Rayleigh/Mie systems as w e l l  as t h a t  for  t h e  e l e c t r o n  beam 

system desc r ibed  h 2.6. 

i n g  from a s imula ted  plume exhaus t  is shown i n  F ig .  6 .  This  spectrum 

MH3 and H and t h e  r o t a t i o n a l  tempera ture  (TR) 2’ 2 

5 

The 6 x 3/8-inch ruby rod 

The laser beam energy w a s  

A p a r t i a l ,  s y n t h e t i c  spectrum f o r  Raman s c a t t e r -  

L e w i s ,  J. W .  L.  and Williams, W .  D . ,  Measurement of Temperature and G 
Number Densi ty  i n  I-lypcrsonic Flow F i e l d s  Using -- Laser Raman Spectroscopy,  
A I M  Paper No. 75-175, p r e s e n t c T a t  t h e  13th  AThA Aerospace Sc iences  
Meeting, Pasadena, CA, Jan .  20-22, 1975.  
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is  a p p r o p r i a t e  f o r  t h e  use  of a 0.5-m f o c a l  l e n g t h  double 

spec t rometer  f o r  s p e c t r a l  d i s p e r s i o n ,  and such  a system wi th  t h e  nec- 

e s s a r y  c o l l e c t i o n  o p t i c s  w a s  used f o r  t h e s e  measurements and i s  shown 

i n  F i g .  5 .  A l l  Raman d a t a  were Stokes  Raman s c a t t e r i n g  s i g n a l s ,  as 

seen  i n  F ig .  6 ,  and T w a s  determined from t h e  r a t i o  of t h e  J = 1 and 

J = 0 H s i g n a l s  assuming me tas t ab le  e q u i l i b r i u m  f o r  t h e  n u c l e a r  s p i n  

states of or tho-  and para-H 

R 

2 

The s p e c i e s  number d e n s i t i e s  w e r e  ob ta ined  2 '  

from i n d i v i d u a l  r o t a t i o n a l  Raman l i n e s  o r ,  i n  t h e  case of N 2 ,  from the 

v i b r a t i o n - r o t a t i o n ,  band, and i n  s i t u  c a l i b r a t i o n s  were performed t o  

determine t h e  system s e n s i t i v i t y .  The d a t a  were acquised  du r ing  a 1 msec 

pe r iod  which occurred  approximately 90 msec fo l lowing  opening bf t h e  

engine  valve and approximately 50 m s e c  p r i o r  t o  va lve  c l o s i n g ,  Data 

were acqu i red  us ing  a cooled p h o t o m u l t i p l i e r  tube  (PMT) and r o u t i n e  

photon d e t e c t i o n  systems. Data p r o c e s s i n g  and i n i t i a l  a n a l y s i s  were 

performed u s i n g  an on- l ine  PDP-8 minicomputer system w i t h  l i n e  p r i n t e r  

ou tpu t .  Th i s  d a t a  p rocess ing  system was used f o r  e s s e n t i a l l y  a l l  flow- 

f i e l d  measurement systems. 

7 
Rayleigh ( o r  Mie) s c a t t e r i n g  d a t a  w e r e  acqu i r ed  u s i n g  t h e  same 

l a se r  sys tem but  w i t h  a f i l t e r e d  PMT d e t e c t o r  channel ,  and t h e  purpose of 

such d a t a  w a s  t o  observe  t h e  p re sence  of p a r t i c u l a t e  o r  condensa te  

w i t h i n  t h e  plume exhaus t .  Rayleigh/Mie d a t a  were acqu i red  over t h e  same 

engine  o p e r a t i o n  c o n d i t i o n  range as t h e  Raman measurements and a l s o  € o r  

a range of c a t a l y s t  bed tempera tures  and, f u r t h e r ,  t h e  c e n t e r l i n e  s p a t i a l  

L e w i s ,  J .  W. L ,  and W i l . l i a m s ,  W .  D .  Argon Condensatiori i n  Free-Jet_ 7 

Expandions, AEDC-TR-74-32, J u l y  1974. 
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reg ion  i n v e s t i g a t e d  was 20 2 f; ,< 300, During a subsequent  exper imenta l  

i n v e s t i g a t i o n  a c a l i b r a t i o n  w i l l  be  performed t o  determine the  scatter- 

i n g  s i g n a l  level  front only t h e  gaseous s p e c i e s  i n  t h e  plume exhaus t ,  

and t h e  e x i s t e n c e  of p a r t i c u l a t e  or  condensate  w i l l  be  i n f e r r e d .  

2.6 E l e c t r o n  B e a m  System 

For t h e  f l o w f i e l d  expansion r e g i o n  f o r  which t h e  s p e c i e s  d e n s i t y  i s  

toolow t o  permi t  t he  u s e  of Raman s c a t t e r i n g ,  t h e  e l e c t r o n  beam f l u o r -  

escence technique8 w a s  used t o  measure l o c a l  va lues  of N 

n(N ), and r o t a t i o n a l  temperature  (TR). 

v e s t i g a t e d  was 7 8  5 2 2 300,and a t  s e l e c t e d  a x i a l  p o i n t s , r a d i a l  p r o f i l e s  

of bo th  n(N2) and T 

of a 30 keV e l e c t r o n  beam of approximately 1 rnA beam c u r r e n t  which w a s  

produced by an  RCA model VC2126 V 4  e l e c t r o n  gun mounted i n  a s t a i n l e s s  

number dens i ty ,  2 

The ax ia l  d i s t a n c e  reg ion  in -  2 

were measured, To accomplish t h i s ,  u s e  w a s  made R 

steel  housing a t  t h e  top  of t h e  chamber. The beam w a s  i n j e c t e d  i n t o  the  

chamber and f l o w f i e l d  through a 1.0-mm-diameter o r i f i c e  and c o l l e c t e d  by 

a Faraday cup as shown i n  F ig .  5.  Magnetic focus ing  provided a s m a l l  

d iameter  beam source  a t  t h e  c e n t e r l i n e  of t h e  chamber,and t h e  d i r e c t i n g  

of t h e  beam through t h e  o r i f i c e  was accomplished w i t h  an al ignment  yoke. 

Flow v i s u a l i z a t i o n  c a p a b i l i t y  w a s  provided by a sweep-deflect ion c o i l  

l oca t ed  below the  o r i f i c e  and by a s s o c i a t e d  c o n t r o l  c i r c u i t r y .  The 

s t a t i o n a r y  beam could be d e f l e c t e d  a t  any a n g l e  up t o  30 degrees  e i t h e r  

s i d e  of v e r t i c a l ,  o r  r e p e t i t i v e l y  swept wi th  a cons t an t  angu la r  v e l o c i t y  

through any ang le  and about  any mean d e f l e c t i o n  ang le .  

No flow f i e l d  p e r t u r b a t i o n  i s  expected f o r  t h e  measurement of n(N2) 

8Williarns, W .  D .  , Hornkohl, J .  0. and L e w i s ,  J .  W .  L.  -- E l e c t r o n  
Beam Probe For a Low Densi ty  Hypersonic ___--_--- Wind Tunnel,  AEDC-TR-71-61, 
J u l y  1971. 
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i. 
R 2 and T by t h i s  technique .  The N f i r s t  n e g a t i v e  f l u o r e s c e n t  emiss ion  

system and s p e c i f i c a l l y  t h e  R-branch of t h e  (0 , l )  v i b r a t i o n a l  band of 

t h i s  system w a s  used f o r  t h e s e  measurements. The f l u o r e s c e n t  r a d i a t i o n  

w a s  c o l l e c t e d  by t h e  0.5-m spec t rometer  and processed  by t h e  d e t e c t i o n  

and d a t a  a c q u i s i t i o n  systems. T w a s  determined us ing  t h e  d i p o l e  R 
e x c i t a t i o n  model and t h e  u s u a l  Boltzmann a n a l y s i s  of t h e  l i n e  i n t e n s i -  

ties of the measured R-branch. F i n a l l y ,  d a t a  a c q u i s i t i o n  was accom- 

p l i s h e d  du r ing  a 5 msec pe r iod  l o c a t e d  a t  t h e  same temporal l o c a t i o n  of 

t h e  Raman d a t a .  

2 .7  P a r t i c l e  C o l l e c t o r  

The sample c o l l e c t i n g  system shown i n  F i g .  7 c o n s i s t e d  of two com- 

ponents,  an aluminum hous ing  and t h e  c o l l e c t o r s  themselves.  The hous ing  

was  made of e i g h t  s t r i p s  of one-inch-wide aluminum b o l t e d  and welded 

t o g e t h e r  t o  form a web w i t h  one open end. The c o l l e c t o r s  were s t a n d a r d  

scanning e l e c t r o n  microscope (SEM) d i s k s  mounted t o  the  housing and c o n s i s t e d  

of aluminum s t u b s  wi th  vacuum-deposited, copper-coated g l a s s  cove r s .  The actuz 

sampling s u r f a c e s  were of t h r e e  types :  t h e  b a r e  copper i t s e l f ;  beeswax 

melted on to  t h e  copper sur face ;  and SEM q u a l i t y  Mic ros t i ck@ g l u e  dr ipped  

on to  t h e  copper s u b s t r a t e  and sp read  by moving t h e  d i s k s  t o  and f r o .  

A t o t a l  of 84 disks, 9 w i t h  wax, 16  w i t h  g l u e  and 59 w i t h  ba re  copper 

were d i s t r i b u t e d  throughout t h e  aluminum web. 

The sampling was c a r r i e d  o u t  by i n s t a l l i n g  t h e  web i n  t h e  vacuum 

chanher such t h a t  t h e  enTinenozz le  e x i t  w a s  l o c a t e d  i n  t h e  c e n t e r  

and i n  t h e  p l a n e  of t h e  open end of t h e  web. The a x i s  of t h e  engine  

n o z z l e  w a s  l o c a t e d  a long  t h e  c e n t e r l i n e  of t h e  web l e n g t h ,  The eng ine  
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was pulsed i n t o  the  web approximately 1000 times, and then the  web w a s  

removed from t h e  vacuum system. The SEM d i s k s  were removed and placed 

on s tands  i n  dust-free boxes from subsequent viewing with the  SEM. 

3.0 RESULTS AND DISCUSSION 

The t h r u s t e r  w a s  operated dur ing  18 tes t  per iods  over a du ra t ion  

of n ine  months. The t h r u s t e r  performance w a s  determined p r i o r  t o  any 

exhaust measurements, dur ing  two in t e r im  tes t  per iods ,  and subsequent 

t o  the  exhaust measurements. The bas i c  ope ra t ing  condi t ions  of t h e  t h r u s t e r  

and the  nomenclature a t tached  t o  each cond i t ion  are shown i n  Table 2. 

Addit ional  d i scuss ion  of t h r u s t e r  performance i s  presented i n  a subsequent 

s e c t i o n  of t h i s  paper ,  

Table 2 Thruster  T e s t  Conditions 

I n i t i a l  I n l e t  Chamber 
Ca ta lys t  Pressure  Pressure  Chamber 

Condition Temp., K Pa (ps i a )  Pa (ps i a )  Temp. 

665 K 1 A  367 1.59 x 10 (230) 9.31 x 10 (135) 

695 K I. B 36 7 2.04 x lo6 (296) 1 .21  x 10  (175) 

715 K 1c 367 2.41 x l o 6  (349) 1 .41  x 10 (205) 

700 K 2A 478 1.58 x 10 (230) 9.31 x 10  (135) 

730 K 2B 478 2.04 x lo6  (296) 1 .21  x 10 (175) 

2c 478 2.41 x 106 (349) 1 .41  x 1 G 6  (205) 745 K 

650 K 2 s  478 1 -00  x 10 (145) 5.86 x 10 (85) 

3 A  589 1.59 x 106 (230) 9.31 x lo5  (135) 735 K 

3 B  589 2.04 x l o6  (296) 1.21. x l o 6  (175) 760 K 

775 K 3c 589 2.41 x lo6 (349) 1 .41 x 10 (205) 

6 5 

6 

6 

6 5 

6 

6 5 

6 

Duty cycle:0.138 sec on/lO.O sec o f f  as determined by va lve  opening and 

c los ing  
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3.1 Lase r  Raman, Rayleigh/Mie and E l e c t r o n  Beam Resu l t s  

A sununary of t h e  Raman s c a t t e r i n g  d a t a  from a s i n g l e  t e s t  pe r iod  is  

shown i n  Table 3 f o r  t h e  engine cond i t ions  i n v e s t i g a t e d .  The r e s u l t s  

show t h e  a b s o l u t e  v a l u e s  of s p e c i e s  number d e n s i t i e s  of N 

as w e l l  as T f o r  t h e  two a x i a l  p o s i t i o n s  f o r  t h e  v a r i o u s  engine  con- 

d i t i o n s .  

d e n s i t i e s .  

H and NH3 2’ 2 

R 
Also shown are t h e  v a l u e s  of t h e  sum (n,) of t h e s e  number 

Table  3 Summary of Raman Measurements - T e s t  Per iod  No. 11 

TR T n(N2) n (H2 1 n (NH3 1 n 
-- - 

Condit ion i? (cItr3) (cm-3> (y) TR’To 

2A 18.5 4.9 x 5.5 x 1 O I 6  183 0.26 

148 0.20 2B I 5 . 4 ~ 1 0 ~ ~  6 . 8 ~ 1 0  16  

16 

16 
7 . 2 ~ 1 0 ~ ~  7 . 3 ~ 1 0  I 2.9 x 1OI6 3.6 x 1 0  

2c 

2s  

185 0.25 

1 7 7  0 .27  

2A 28.5 2.3 x 1 0 l 6  3.3 x 1 0 l 6  2.4 x 1 O l 6  8.1 ~ - 1 0 ~ ~  1 2 1  0.17 

2 . 2 ~  1 0 l 6  3.5 x 3 . 8  x 9.6 x 119 0.16 

2B 2c I 3 . 1 ~ 1 0 ~ ~  3 . 8 ~ 1 0 ~ ~  3 . 0 ~ 1 0 ~ ~  9 . 9 ~ 1 0 ’ ~  106 0.14 

99 0.15 16 2 s  4 1 . 4 ~ 1 0 ~ ~  2 . 3 ~ 1 0  
*Average of test period No. 6 and 14 results.  

Figure  8 shows t h e  a x i a l  v a r i a t i o n  of t h e  Rayleigh (or  Mie) s c a t t e r e d  

s i g n a l  f o r  t h e  engine  cond i t ions  s t u d i e d  . 
Shown i n  Fig.  9 as  a n  exemplary r e s u l t  i s  an  i s o d e n s i t y  map f o r  n(N ) 

as determined by t h e  e lec t ron  beam technique ,  and Fig .  1 0  shows the  r a d i a l  

2 

p r o f i l e s  of n(N ) a t  t h r e e  a x i a l  p o s i t i o n s .  Both a x i a l  and r a d i a l  p r o f i l e s  2 

of n o t  on ly  n(K ) b u t  a l s o  T were obta ined  and w i l l  be publ ished i n  a 2 R 

subsequent r e p o r t .  
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The a x i a l  v a r i a t i o n  of n(N2)/no(N2) is  shown i n  F ig .  11, and i t  i s  

t o  be  noted  t h a t  t h e  Raman d a t a  r e p r e s e n t  an average  of t h e  last  20-25 

p u l s e s  of a 30-pulse t r a i n .  

t h e  s t e a d y - s t a t e  p o r t i o n  of t h e  p u l s e  t r a i n  w a s  v e r i f i e d  by m a s s  spec-  

t r o m e t r i c  and e l e c t r o n  beam d a t a ,  The v a l u e s  of  n used f o r  F i g ,  11 are 

es t ima ted  t o  have an inaccuracy  of ? lo%.  A s i g n i f i c a n t  r e s u l t  shown 

by Fig.  11 is  t h e  d iscrepancy  of t h e  measured and p r e d i c t e d  a x i a l  vari-  

a t i o n s  of n(N2).  

are  n o t  expected t o  remove t h e  d iscrepancy .  This  d i screpancy  can be 

a t t r i b u t e d ,  a t  l e a s t  i n  p a r t ,  t o  an  i n a c c u r a t e  composi t ion and mixture  

s p e c i f i c  h e a t  r a t i o  ( y )  used f o r  t h e  c a l c u l a t i o n ,  S i m i l a r l y ,  rhe  v a l i d i t y  

of t h e  assumption of  f rozen  chemis t ry ,  a l though  most l i k e l y  t r u e  f o r  t h e  

f r e e s t r e a m ,  is  n o t  c e r t a i n  f o r  t h e  r eg ion  of  flow i n t e r i o r  t o  t h e  n o z z l e .  

T h e p o s s i b i l i t y  of v i b r a t i o n a l  r e l a x a t i o n  of NH which w i l l  a l s o  a f f e c t  

t h e  va lue  of y ,  should a l s o  be  inc luded  f o r  a c c u r a t e  p r e d i c t i o n s .  No 

conclus ions  can be o f f e r e d  a t  t h i s  t i m e  r e g a r d i n g  t h e  p o s s i b i l i t y  of 

s y s t e m a t i c  v a r i a t i o n s  i n  n(N )/n (N ) with  eng ine  i n l e t  p r e s s u r e .  2 0 2  

That t hese  r e s u l t s  are r e p r e s e n t a t i v e  of  

0 

F u r t h e r  improvements i n  t h e  boundary l a y e r  c o r r e c t i o n s  

3' 

Conclusions s i m i l a r  t o  those  f o r  t h e  a x i a l  v a r i a t i o n  of t h e  s p e c i e s  

d e n s i t y  v a l u e s  of n(N ) / n  (N ) can be g iven  f o r  t h e  a x i a l  v a r i a t i o n  o f  

TR/To, as shown i n  F ig .  12.  

t e s t  c o n d i t i o n  are shown i n  F i g  12 ,  and wh i l e  t h e  Raman measurement a t  E; = 

18.5 is  i n  good agreement wi th  c a l c u l a t i o n ,  t h e  d iscrepancy  worsens wi th  

i n c r e a s i n g  2. 

p r e d i c t e d ,  which w i l l  enhance t h e  condensa t ion  of such s p e c i e s  as NH 

2 0 2  

Both e l e c t r o n  beam and Raman d a t a  f o r  a s i n g l e  

It is  impor tan t  t o  n o t e  t h a t  t h e  t e m p e r a t u r e  i s  lower than 

3 '  
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Using t h e  r e s u l t s  of F i g s ,  11 and 1 2 ,  one can compute and gene ra t e  a 

g raph ica l  v a r i a t i o n  of t h e  s t a t i c  p r e s s u r e  P w i t h  TR(or T) f o r  t h e  expan- 

s ion .  The r e s u l t  from Figs .  11 and 1 2  is  shown i n  F ig ,  13. From t h i s  

f i g u r e  i t  is seen  t h a t  t h e  i s e n t r o p i c  r e l a t i o n  PT 

obeyed, and a simple computation y i e l d s  y = 1.29. Thus, t h e  p rev ious  

assumption of f rozen  chemistry i n  t h e  f r ees t r eam is  g iven  q u a n t i t a t i v e  

suppor t  . 

=I c o n s t a n t  i s  Y l l - Y  

The Rayleigh/Mie s c a t t e r i n g  d a t a  shown i n  Fig.  8 w e r e  ob ta ined  f o r  

t h e  purpose of de te rmining  t h e  e x i s t e n c e  of condensate  and/or  c a t a l y s t  

bed p a r t i c l e s .  

p re s su re  (P ) of 9.31 x 10 Pa show an o r d e r  of magnitude i n c r e a s e  i n  

s c a t t e r i n g  as t h e  c a t a l y s t  bed - t empera tu re  i s  decreased from 589 t o  

367 K. Qui te  p o s s i b l y  l i q u i d  f u e l  i s  be ing  observed ,  Furthermore,  

f o r  a c a t a l y s t  bed temperature  of 478 K ,  t h e  s c a t t e r i n g  s i g n a l  has  been 

observed t o  i n c r e a s e  w i t h  an i n c r e a s e  i n  n ; as n inc reased  by a f a c t o r  

of approximately 1 . 4 ,  t h e  a b s o l u t e  s c a t t e r i n g  s i g n a l  i nc reased  by a 

f a c t o r  of approxiamtely 1 .6 ,  which may p o s s i b l y  be t h e  r e s u l t  of con- 

densa t ion  of NH To c l a r i f y  these  obse rva t ions ,  f u r t h e r  a n a l y s i s  and 

c a l i b r a t i o n s  are r equ i r ed  and are i n  p rogres s .  

3.2 Mass Spectrometer  'Resul t s  

3.2.1 Ammonia/Nitrogen Ra t ios  

The d a t a  of Fig. 8 f o r  an  approximately c o n s t a n t  chamber 

5 
C 

0 0 

3'  

The r a t i o  of ammonia t o  n i t r o g e n  mole f r a c t i o n s  w a s  monitored through- 

ou t  t h e  test pe r iods  i n  which t h e  mass spec t romete r  w a s  i n s t a l l e d  and 

o p e r a t i n g ,  Tabulated r e s u l t s  which a re  averaged over  t es t  pe r iods  6-11 
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are shown i n  Table  4 .  The r e s u l t s  are i n d i c a t i v e  of i n c r e a s i n g  ammonia 

d i s s o c i a t i o n  wi th  p u l s e  number (due t o  t h r u s t e r  hea t ing ) .  The f i r s t  

p u l s e  d a t a  show an i n c o n s i s t e n c y  due t o  t h e  l a r g e  concen t r a t ions  of 

hydraz ine  and g e n e r a l  i n c o n s i s t e n t  behavior  of t he  t h r u s t e r  du r ing  f i r s t  

p u l s e s .  

Table  4 Far  F i e l d  Ammonia t o  Ni t rogen  Mole F r a c t i o n  R a t i o s  
(Mass Spectrometer  Data) 

Thrus t e r  T e s t  Condi t ion  Pu 1 se 
Number 2s lA 2A 3A 1 B  2B 3 B  2c Avg . 

1 3.40 3 .42  3.58 3.10 3 . 4 3  2 .64  2 .97  3.35 3 .24  

5 2 .08  2 .36  2 .17  1 . 7 2  2 .57  2 . 2 1  2 . 0 3  2 . 4 3  2.20 
1.94 1.93 1.91 1.58 1.90 1.80 1.64 1.66 1.80 10 

15 2 .02  1 .77  1.82 1 . 7 4  1 . 9 1  1 . 7 3  1 . 6 4  1 .65  1 . 7 9  

25  1 . 8 2  1.58 1 . 7 8  1 . 6 1  1.65 1 . 6 4  1 . 6 3  1 . 7 3  1 . 6 8  

I 

The r a t i o s  can be employed t o  g ive  e q u i l i b r i u m  ammonia d i s s o c i a t i o n  

l e v e l s  by employing t h e  e q u a t i o n  

- 4 (1-x) 
rrr i (1+2x) 
m H 3  1 - 

'"2 ' equ i l ib r ium 

where x = ammonia d i s s o c i a t i o n  f r a c t i o n .  Table  5 g i v e s  t h e  d i s s o c i a t i o n  

f r a c t i o n  assuming e q u i l i b r i u m  d i s s o c i a t i o n  a d  t h e  average  p u l s e  v a l u e s  

g iven  i n  Table  4 .  
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Table 5 Equi l ibr ium Values of Ammonia D i s s o c i a t i o n  
F r a c t i o n s  - Mass Spectrometer  Rcsul - t s  

Corresponding 
P u l s e  Number [NH31 / [N2 1 Equi l ibr ium x 

3.24 0 , 0 7 2  1 
5 2.20 0 .214  

10 1.80 0 , 2 8 9  

1 .79  0 . 2 9 2  15 
25 1.68 0.299 

The i n t r a p u l s e  v a r i a t i o n  of ammonia t o  n i t r o g e n  w a s  n o t  monitored i n  

general ;  however, l i m i t e d  d a t a  were taken i n  a n t i c i p a t i o n  of p o s s i b l e  

f u t u r e  i n t e r e s t .  The r e s u l t s  f o r  p u l s e s  11-25 (average)  f o r  test  condi- 

t i o n  2A are shown i n  F i g .  14. These r e s u l t s  are c o n s i s t e n t  wi th  t h e  

d a t a  i n  Table 4 which were talcen a t  0.090 sec i n t o  t h e  p u l s e  t o  co r re -  

spond t o  t h e  laser and e l e c t r o n  beam da ta  g a t e .  

Due t o  t h e  lack of d e t a i l e d  c a l i b r a t i o n  d a t a  f o r  t h e  mass s p e c t r o -  

meter system and the l a r g e  v a r i a t i o n s  due t o  engine  (and poss ib ly  spec- 

t rometer )  f l u c t u a t i o n s ,  no good eva lua t ion  of t h e  e r r o r  i n  t h e  mass 

spectrometer  measurements can be o f f e r e d .  A cursory  a n a l y s i s  does i n d i -  

cate t h a t  t h e  v a r i a t i o n s  i n  s p e c i e s  r a t i o s  are w i t h i n  20%. 

3.2.2 Species  Var i a t ion  wi th  P u l s e  Number 

During t h e  mass spec t rometer  t e s t i n g  p e r i o d s  t h e  f i v e  s p e c i e s  of 

2 2  2 4  N H 3 ,  H 0 ,  N primary i n t e r e s t  ( N 2 ,  

of pu l se  number f o r  several test cond i t ions .  These types  of 

d a t a  were employed i n  de t e rmina t ion  of t h e  ammonia t o  n i t r o g e n  r a t i o s  

and N H ) were monitored as f u n c t i o n s  
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presented  i n  t h e  prev ious  s e c t i o n .  

s p e c i e s  were monitored,  b u t  i n  several i n s t a n c e s  t h e  hydrogen peak s i g n a l  

t o  n o i s e  r a t i o  w a s  q u i t e  poor,and t h e  hydrogen d a t a  could not  be  used.  

Th i s  h igh  background n o i s e  w a s  a s s o c i a t e d  w i t h  t h e  l a r g e  q u a n t i t i e s  of 

H 

t i o n ,  ammonia and hydraz ine  con t r ibu ted  daughter  peaks of  m a s s  2 which 

s i g n i f i c a n t l y  degraded hydrogen d a t a  q u a l i t y .  

I n  most i n s t a n c e s , a l l  of t hese  

absorbed i n t o  t h e  C02 f r o s t  used f o r  pumping i n  the  probe.  I n  addi -  
2 

Severa l  cases f o r  which f i v e  s p e c i e s  d a t a  w e r e  ob ta ined  are p resen ted  

i n  t h i s  s e c t i o n  as mole f r a c t i o n  d a t a .  Mole f r a c t i o n s  f o r  each s p e c i e s  

f o r  cond i t ions  2A, 2B and 2C are shown i n  F i g s .  15, 16  and 1 7 ,  respec-  

t i v e l y .  

mole f r a c t i o n s  of N H p r e s e n t  dur ing  p u l s e  one of each case  and t h e  small 

number of pu l se s  necessary  t o  reduce the  N H 

Ammonia t o  n i t r o g e n  r a t i o s  f o r  t hese  cases may not  n e c e s s a r i l y  ag ree  

w i t h  those  from t h e  previous  s e c t i o n ,  s i n c e  t h e s e  are i n d i v i d u a l  runs  

and t h e  prev ious  s e c t i o n  d a t a  r ep resen ted  averaged r e s u l t s .  It  is  obvious 

from t h e  exemplary d a t a  i n  F i g s .  15 t o  17 t h a t  hydraz ine  i s  

primarily present d u r i n g  t h e  f i r s t  few pulses of a t r a i n  and t h a t  t h e  

percentage  i n c r e a s e s  w i t h  t h r u s t  level ,  which i s  as  expec ted .  

The most noteworthy of t h e  s p e c i e s '  p r o p e r t i e s  are  t h e  l a r g e  

2 4  
v a l u e  s i g n i f i c a n t l y .  2 4  

Data f o r  two a d d i t i o n a l  test  cond i t ions  are shown i n  F ig .  18. This  

f i g u r e  a l s o  g ives  a n  oppor tun i ty  f o r  examining t h e  e f f e c t s  of i n i t i a l  

c a t a l y s t  bed temperature .  These d a t a  a re  c o n s i s t e n t  w i t h  t h e  d a t a  of t he  

prev ious  f i g u r e s  b u t  are  presented  as r a t i o s  s i n c e  hydrogen d a t a  were 

not  a v a i l a b l e  t o  permi t  c a l c u l a t i o n  of mole f r a c t i o n s .  T h e  

i n i t i a l  c a t a l y s t  bed temperature  is seen  t o  have a major e f f e c t  on t h e  
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f i rs t  pu l se ;  t h a t  i s , t h e  hydraz ine  c o n c e n t r a t i o n  i s  g r e a t l y  reduced w i t h  

inc reased  tempera ture .  A f t e r  t h e  f i r s t  few p u l s e s  a c o n s i s t e n t  major 

d i f f e r e n c e  i n  t h r u s t e r  behavior  i s  n o t  observed as a r e s u l t  of h i g h e r  

i n i t i a l  bed t empera tu re ,  

3 . 2 . 3  I n t r a p u l s e  Exhaust Spec ies  V a r i a t i o n s  

The c a t a l y s t  bed tempera ture  h a s  been shown i n  t h e  l a s t  .two s e c t i o n s  

t o  be  a very  impor tan t  parameter  w i t h  r e s p e c t  t o  t h e  exhaus t  s p e c i e s  

p r e s e n t  i n  the monopropel lant  plume. The bed tempera ture  varies du r ing  

any p a r t i c u l a r  p u l s e ,  b u t  t h e  eng ine  thermocouple d a t a  do n o t  

have t h e  t i m e  response  necessary  t o  demonstrate  i t .  The 

s p e c i e s  v a r i a t i o n  w i t h i n  a p u l s e  w a s  examined w i t h  t h e  m a s s  spectrometer I 
system by sweeping ove r  l i m i t e d  mass ranges  s o  as t o  i n c r e a s e  t h e  t o t a l  number 

of  sweeps p e r  p u l s e ,  These d a t a  were ob ta ined  p r i m a r i l y  f o r  t e s t  condi- 

t i o n  2A,and examples f o r  p u l s e  numbers 1 and 25 are  shown i n  F i g s .  19 and 

20, r e s p e c t i v e l y .  The d a t a  demonst ra te  t h e  combinatiori of p r e s s u r e  

bui ldup  and h e a t i n g  e f f e c t s  w i t h i n  t h e  combustion chamber. The d a t a  are 

n o t  presented  i n  t e r m s  of mole f r a c t i o n s  s i n c e  hydrogen d a t a  were 

n o t  ob ta ined  f o r  bo th  c a s e s .  R a t i o s  of mole f r a c t i o n s  of s p e c i e s  pre-  

s e n t e d  may b e  ob ta ined  by t h e  a p p r o p r i a t e  d i v i s i o n  of s p e c i e s ’ s i g n a l s .  

The N H s i g n a l  i s  s e e n  t o  be ve ry  l a r g e  i n  p u l s e  1 as f o r  a l l  o t h e r  2 4  

d a t a  presented  p r e v i o u s l y .  Note t h a t  t h e  hydraz ine  c o n c e n t r a t i o n  does 

decrease  as t h e  i n t e r s t i t i a l  t empera ture  i n c r e a s e s  du r ing  t h e  remainder 

of t h e  p u l s e .  The hydraz ine  concen t r a t ion  was ze ro  f o r  p u l s e  25. 

I n  a d d i t i o n  t o  t h e  hydraz ine  dec rease  w i t h  p u l s e  t i m e ,  t h e  inc reased  

ammonia d i s s o c i a t i o n  w i t h  t h e  a s s o c i a t e d  i n c r e a s c s  i n  N and €1 i s  a l s o  2 2 
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d e t e c t a b l e  by i n s p e c t i n g  F igs .  19 and 20. 

determina t ion  of i n t e r s t i t i a l  temperature  w a s  not  made, no a t t empt  a t  

c o r r e l a t i n g  t h e  s p e c i e s  d a t a  wi th  temperature  and p r e s s u r e  d a t a  w a s  

c a r r i e d  o u t .  

3 . 2 . 4  P r e s s u r e  Dependence of Plume Hydrazine 

S ince  a d i r e c t  exper imenta l  

Since t h e  amount of hydraz ine  i n  t h e  plume w a s  of s i g n i f i c a n t  in -  

terest, a c a l i b r a t i o n  sequence w a s  run  i n  which t h e  amount of hydraz ine  

(a t  0,090 secs i n t o  t h e  pu l se )  w a s  recorded as a f u n c t i o n  of valve i n l e t  

p re s su re .  Regard less  of t h e  i n l e t  p re s su re ,  t h e  hydraz ine  concen t r a t ion  

w a s  n e g l i g i b l e  a f t e r  t h e  f i r s t  few p u l s e s ,  For t h e  f i r s t  p u l s e ,  how- 

ever, t h e  amount of N H 

p re s su re  (and hence t h r u s t  l eve l ) .  For an  i n i t i a l  c a t a l y s t  bed tempera- 

t u r e  of 478 K t h e  re la t ive  v a r i a t i o n  of hydraz ine  i n  t h e  plume a s  a 

f u n c t i o n  of p r e s s u r e  measured a t  t h e  valve i n l e t  i s  shown i n  F ig .  21. 

The change i n  s l o p e  of t h e  appa ren t ly  l i n e a r  v a r i a t i o n  w i t h  i n l e t  

p r e s s u r e  was observed f o r  more than  t h e  one c a l i b r a t i o n  sequence shown, 

b u t  no exp lana t ion  is  o f f e r e d .  

temperatures  w e r e  no t  ob ta ined .  

3.3  Quartz  C r y s t a l  Microbalance Resu l t s  

i n  t h e  plume v a r i e d  s i g n i f i c a n t l y  w i t h ' t h e  i n l e t  2 4  

Simi la r  d a t a  f o r  o t h e r  c a t a l y s t  bed 

F igu re  22 shows t h e  v a r i a t i o n  of t h e  mass f l u x  (i) d e t e c t e d  by t h e  

QCM f o r  a range  of s u r f a c e  temperatures  and a t  a s i n g l e  engine  o p e r a t i n g  

cond i t ion .  The o r d i n a t e  and a b s c i s s a  d i s p l a y  t h e  depos i t ed  mass f l u x  

and t h r u s t e r  pu l se  number, r e s p e c t i v e l y .  The v a r i a t i o n  of  xi with  

both T and t h r u s t e r  p u l s e  number i s  obvious.  Opera t ion  of the  QCM a t  

va r ious  temperatures  (T ) enabled a q u a l i t a t i v e  c h a r a c t e r i z a t i o n  of the 
QCM 
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contaminat ion s p e c i e s  i n  t h e  d e p o s i t .  For  144 5 T 

H 0 and trace i m p u r i t i e s  would be  permanently depos i t ed ,  and F ig .  22 

shows such exemplary d a t a .  Th i s  v a r i a t i o n  of  t h e  contaminant  mass f l u x  

wi th  p u l s e  number is  of i n t e r e s t  f o r  c e r t a i n  o p e r a t i o n a l  modes of such 

t h r u s t e r s .  Although a n a l y s i s  of t h e s e  r e s u l t s  is s t i l l  i n  pr 'ogress,  i t  

is perhaps of i n t e r e s t  t o  n o t e  t h a t  f o r  the T = 160 K d a t a  of Fig. 

22, t h e  cumulat ive mass d e n s i t y  depos i t ed  a f t e r  20 p u l s e s  i s  on t h e  

o r d e r  of 70 pg/cm 

of th i ckness  on t h e  o r d e r  of  0 .1  pm and would c o n s i s t  of  approximately 10 

molecules  o f ,  s ay ,  N H 

5 160 K only  N2H4, 
QCM 

2 

QCM 

2 2 which , for  a n  area of 1 c m  , r e p r e s e n t s  a depos i t  l a y e r  

1 7  

2 4' 
Fur the r  examinat ion of F ig .  22 r e v e a l s  several a d d i t i o n a l  properties 

of  t h e  contaminat ion .  The f i r s t  few p u l s e s  e x h i b i t  ex t remely  l a r g e  

d e p o s i t i o n  ra tes  f o r  t h e  tempera ture  r eg ion  where permanent d e p o s i t i o n  

of hydraz ine ,  water and o t h e r  t r a c e  i m p u r i t i e s  i s  expec ted .  A f t e r  approxi -  

mately t e n  t h r u s t e r  p u l s e s ,  a s t e a d y - s t a t e  i s  reached wi th  r e s p e c t  t o  con- 

tamina t ion  d e p o s i t i o n ,  and t h i s  rate i s  i n  each  case n e a r l y  an o r d e r  of 

magnitude less  than  t h a t  f o r  t h e  f i r s t  t h r u s t e r  p u l s e .  When t h e  QCM 

s u r f a c e  tempera ture  i s  a d j u s t e d  s o  t h a t  i n  a d d i t i o n  t o  t h e  abovementioned 

contaminants  some ammonia i s  permanently d e p o s i t e d ,  t h e  main d e p o s i t i o n  

rate becomes more uniform throughout  t h e  p u l s e  t r a i n .  The d a t a  c l e a r l y  

i n d i c a t e  t h e  presence  of  l a r g e  amounts of hydraz ine ,  water,  and o t h e r  trace 

i m p u r i t i e s  i n  t h e  f i r s t  few t h r u s t e r  p u l s e s  w i t h  a subsequent  drop t o  an  

e s s e n t i a l l y  s t e a d y  s ta te ,  The c o n t r i b u t i o n  from ammonia i s  seen  t o  be 

much g r e a t e r  o v e r a l l  and more uniform throughout  t h e  p u l s e  t r a i n ,  
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Figure  23 demonst ra tes  t h e  v a r i a t i o n  of t h e  mass f l u x  wi th  eng ine  tes t  

c o n d i t i o n  f o r  a T 

S i m i l a r l y ,  F ig .  24 d e p i c t s  t h e  v a r i a t i o n  of t h e  average  m a s s  f l u x ,  

wi th  the  engine  i n l e t  va lve  p r e s s u r e ,  

130K.  Here t h e  ave rage  of t he  mass f l u x  l e v e l  i s  performed over  t h e  l a s t  

n = 5 t h r u s t e r  p u l s e s ,  

w i th  engine  p u l s e  number f o r  a range of i n l e t  pressures a t  T 

sen ted  i n  F ig .  25, and t h e  l a r g e  i n c r e a s e  i n  6 w i t h  P 

= 1 6 1 K  a t  t h e  engine  a x i a l  p o s i t i o n  of 1 .25 cm. 
Q CEf 

n' 

( t h r u s t  l e v e l ) ,  f o r  a T = 
' i n l e t  QCM 

The n e a r l y  two-orders-of-magnitude i n c r e a s e  i n  fi 

= 130 K i s  p r e -  
QCM 

can  be viewed as a 
i n l e t  

f u n c t i o n  of  i n d i v i d u a l  t h r u s t e r  p u l s e s .  F igu re  25 a g a i n  demonst ra tes  l a r g e  

d e p o s i t i o n  ra tes  f o r  t h e  f i r s t  few t h r u s t e r  p u l s e s  a t  a s u r f a c e  tempera ture  

where hydraz ine ,  water and o t h e r  t r a c e  i m p u r i t i e s  are expec ted  t o  d e p o s i t .  

However, t h e  d i f f e reDce  between t h i s  r a t e  f o r  t h e  f i r s t  t h r u s t e r  p u l s e  and 

t h a t  when t h e  t h r u s t e r  r eaches  a s t e a d y  d e p o s i t i o n  r a t e  i s  s e e n  t o  i n c r e a s e  

d r a m a t i c a l l y  wi th  t h e  i n l e t  p r e s s u r e ,  A d d i t i o n a l l y ,  t h e  number of p u l s e s  

r equ i r ed  t o  r each  t h e  s t e a d y  d e p o s i t i o n  ra te  i s  s e e n  t o  i n c r e a s e  wi th  in -  

c r e a s i n g  i n l e t  p r e s s u r e .  

F i n a l l y ,  F ig .  26 shows t h e  v a r i a t i o n  of 6 wi th  t h r u s t e r  p u l s e  number 

for three c a t a l y s t  bed t e m p e r a t u r e s .  For t h e s e  d a t a ,  t h e  t h r u s t e r  i n l e t  

p r e s s u r e  w a s  maintained a t  230 p s i a  and t h e  s u r f a c e  tempera ture  a t  143  K .  

Here t h e  d e p o s i t i o n  rate i s  seen  t o  i n c r e a s e  w i t h  d e c r e a s i n g  c a t a l y s t  bed 

tempera ture  throughout  t h e  p u l s e  t r a i n ,  wi th  t h e  most s t r i k i n g  d i f f e r e n c e  

o c c u r r i n g  i n  t h e  f i r s t  few t h r u s t e r  p u l s e s ,  The number of  p u l s e s  r equ i r ed  

t o  reach  a s t eady  d e p o s i t i o n  r a t e  is  a l s o  s e e n  t o  d e c r e a s e  wi th  i n c r e a s i n g  

c a t a l y s t  bed tempera ture .  
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3 .4  Catas t roph ic  Contamination I n c r e a s e  

A f t e r  approximately 60,000 p u l s e s  had been recorded f o r  t he  engine  

a t  AEDC, i n  a d d i t i o n  t o  140,000 p u l s e s  prev ious  t o  a r r i v i n g  a t  AEDC, 

a c a t a s t r o p h i c  i n c r e a s e  i n  contaminant l e v e l  w i t h i n  t h e  exhaus t  w a s  

observed dur ing  test  pe r iod  13. 

t h i s  occurrence is  conta ined  w i t h i n  t h i s  s e c t i o n .  

3.4.1 Plume Measurements. 

A d i s c u s s i o n  of t h e  c h a r a c t e r i z a t i o n  of 

During test  pe r iod  13 t h e  l a r g e  i n c r e a s e  i n  contaminat ion levels 

wi th in  t h e  plume w e r e  f i r s t  observed through a dramat ic  i n c r e a s e  i n  

Rayleigh s c a t t e r i n g .  Unfor tuna te ly ,  t h e  m a s s  spec t romete r  had been 

removed to enable  the  i n s t a l l a t i o n  of a c e n t e r l i n e  QCM. The Qm i n d i -  

c a t e d  extremely l a r g e  d e p o s i t i o n  rates; s o  l a r g e ,  i n  f a c t ,  t h a t  s a t u r a -  

t i o n  of t h e  QCM occurred  du r ing  t h e  f i r s t  few p u l s e s  of a t r a i n .  Therefore ,  t h e  

web of p a r t i c l e  c o l l e c t i n g  d i s k s  was i n s t a l l e d  i n  an a t t empt  t o  c o l l e c t  and 

i d e n t i f y  the  contaminant s p e c i e s ,  The eng ine  w a s  pulsed approximately 

1000 t i m e s  f o r  t h i s  c o l l e c t i o n ,  and t h e  d i s k s  subsequent ly  observed w i t h  

a scanning e l e c t r o n  microscope,  The r e s u l t s  of scanning  t h e  c o l l e c t e d  

samples are d iscussed  i n  t h e  nex t  subsec t ion .  S ince  t h e  QCM had s a t u -  

r a t e d  f o r  TQcM z 160 K ,  i n d i c a t i o n s  were t h a t  t h e  contaminant  w a s  raw 

hydrazine.  

because of s a t u r a t i o n  of  t h e  p h o t o m u l t i p l i e r ,  and no purpose w a s  seen  

i n  a t t e n u a t i n g  t h e  s i g n a l  t o  o b t a i n  q u a n t i t a t i v e  d a t a .  Add i t iona l ly ,  

t h e  background, laser- induced f luo rescence  and/or  s c a t t e r i n g  prec luded  

f u r t h e r  Raman measurements. Fu r the r  e l e c t r o n  beam d a t a  were acqui red  t o  

determine t h e  changes,  i f  any, i n  t h e  f l o w f i e l d  parameters ,  b u t  a n a l y s i s  

No Rayleigh d a t a  were ob ta ined  fo l lowing  t h i s  occur rence  
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of these  r e s u l t s  i s  s t i l l  i n  p rogres s .  

3 . 4 . 2  P a r t i c l e  C o l l e c t i o n  

The p a r t i c l e  c o l l e c t i o n  experiment w a s  p rev ious ly  desc r ibed .  The 

at tempted c o l l e c t i o n  of p a r t i c l e s  w a s  s u c c e s s f u l  w i th  l a r g e  q u a n t i t i e s  

of submicron and l a r g e r  p a r t i c l e s  captured  on a l l  t h r e e  types  of  d i s k s ,  

wax, g lue  and copper .  I n  a d d i t i o n ,  t h e r e  w a s  ev idence  of  f u e l  d r o p l e t  

impingement upon t h e  p a r t i c l e  sampling d i s k s .  Discuss ions  w i t h  AFRPL 

revea led  t h a t  proof of c a t a l y s t  bed p a r t i c l e  c a p t u r e  r e q u i r e d  t h e  i d e n t i -  

f i c a t i o n  of i r i d i u m  among t h e  c o l l e c t e d  p a r t i c l e s ,  Ex tens ive  x-ray 

a n a l y s i s  of t h e  c o l l e c t e d  samples f a i l e d  t o  reveal t h e  presence  of 

i r i d ium,  and i t  w a s  assumed t h a t  no p a r t i c u l a t e  matter from t h e  bed 

i t s e l f  was a c t u a l l y  c o l l e c t e d .  However, t h e  x-ray a n a l y s i s  i n  conjunct ion  

wi th  microscopic  examinat ion d i d  reveal alumina sphe res  i n  l a r g e  quan t i -  

t ies.  Based on t h e  AFRPL in fo rma t ion , these  were n o t  from t h e  c a t a l y s t  

bed. 

Microscopic examinat ion of t h e  d i s k s  d i d  reveal t h a t  n e a r  t h e  cen te r -  

l i n e  of t h e  plume copious q u a n t i t i e s  of l i q u i d  d r o p l e t s  had impinged. 

These d r o p l e t s  badly e t ched  t h e  pure  copper s u r f a c e  d i s k s , a s  shown i n  

Fig.  27. A c o n t r o l  d i s k  obta ined  by sp ray ing  pure N H on a copper d i s k  

wi th  a nebu l i ze r  revea led  p a t t e r n s  v e r y  similar t o  those  ob ta ined  i n  

t h e  plume. An example of t h i s  i s  shown i n  F ig .  28. The s imi la r i t i es  

were s u f f i c i e n t  t o  e s t a b l i s h  t h a t  l a r g e  q u a n t i t i e s  of hydraz ine  were p r e s e n t  

near  t h e  plume c e n t e r l i n e .  

2 4  

The d i s k s  near  t h e  c e n t e r l i n e  w e r e  obviously s u b j e c t e d  t o  h igh  h e a t  

loads ,and  t h e  c o l l e c t o r s  wi thout  wax were blackened and those  wi th  wax 
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were whitened. The d i s k s  j u s t  o u t s i d e  t h e  d i r e c t  impingement area '  

showed t h e  e t c h i n g  e f f e c t s  j u s t  d i scussed .  These e f f e c t s  were ob- 

scured f o r  t h e  d i s k s  n e a r e s t  t h e  c e n t e r l i n e  because of t h e  i n t e n s e  

s t a g n a t i o n  hea t ing .  

I n  a d d i t i o n  t o  t h e  obse rva t ions  r epor t ed  i n  t h e  preceding  d i s -  

cuss ion ,  an  i n t e r e s t i n g  shadowing e f f e c t  on t h e  sampling d i s k  mounting 

device  w a s  observed. This i s  shown i n  F ig .  29.. The areas sh ie lded  from 

t h e  plume by be ing  behind t h e  d i s k s  are  v e r y  dark.  The s u r f a c e s  t h a t  

appear  da rk  bu t  w e r e  underneath d i s k s  were noted t o  correspond t o  d i s k s  

which were n o t  pressed  f l a t  a g a i n s t  t h e  mounting device .  A good explan- 

a t i o n  of t h e  shadowing has  no t  been devised  a t  t h e  p r e s e n t .  

3 . 4 . 3  Engine Performance 

I 

1 
Following the  obse rva t ion  of t h e  c a t a s t r o p h i c  i n c r e a s e  i n  exhaust  

contaminat ion l e v e l s ,  t h e  performance degrada t ion  of t h e  t h r u s t e r  w a s  

i n v e s t i g a t e d  by r e p e a t i n g  t h e  c a l i b r a t i o n  experiments  conducted a t  t h e  

beginning of  and dur ing  t h e  r e s e a r c h  work. It  could no t  be  i n v e s t i g a t e d  

s imultaneous t o  t h e  o t h e r  measurements s i n c e  proper  o p e r a t i o n  of t h e  

t h r u s t e r  d i c t a t e s  t h e  combustion chamber p r e s s u r e  t a p  be plugged. 

The pos t - ca t a s t rophe  mass f low r a t e  (measured f o r  60-sec f i r i n g s )  

w a s  found t o  be about  10% h ighe r  than  p recca ta s t rophe .  The combustion 

chamber p re s su re  and lower w a l l  t empera ture  changes,  b e f o r e  and a f t e r ,  

are demonstrated i n  F igs .  30 and 31, r e s p e c t i v e l y .  Although both  

p r e s s u r e  and temperature  were d i f f e r e n t  f o r  t h e  e a r l y  and 

l a t e  test  pe r iods ,  bo th  were s t i l l  w i t h i n  o p e r a t i n g  l i m i t s  f o r  the  

t h r u s t e r .  The temperature  drop shown i n  Fig.  31 i s  as expected f o r  poor 
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combustion, bu t  i t  is  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p r e s s u r e  inc reased  

as d i d  t h e  mass flow ra te .  Add i t iona l  a n a l y s i s  of t h e  

e x i s t i n g  d a t a  w i l l  be necessa ry  t o  p rope r ly  i n t e r p r e t  eng ine  performance, 

bu t  s u f f i c i e n t  d a t a  have been s c r u t i n i z e d  t o  e s t a b l i s h  t h e  perform- 

ance t o  be wi th in  nornially a c c e p t a b l e  l i m i t s .  

4.0 CONCLUSIONS 

Although t h e  d a t a  p re sen ted  h e r e  and i t s  e v a l u a t i o n  are p r e l i m i n a r y ,  

t hey  r e p r e s e n t  t h e  i n i t i a l  b e n e f i t s  from a d e t a i l e d  s t u d y  of a mono- 

p r o p e l l a n t  t h r u s t e r  exhaus t .  I n  a d d i t i o n  t o  t h e  in fo rma t ion  ob ta ined  

concern ing  the  eng ine  i t s e l f ,  i t  w a s  c l e a r l y  e s t a b l i s h e d  t h a t  t h e  non- 

i n t e r f e r i n g  plume measurement techniques  employed i n  t h i s  i n v e s t i g a t i o n  

are applicable and valuable with respect to gas dynamics plume measure- 

ments. Despi te  t h e  incomple te  n a t u r e  of  t h e  d a t a  e v a l u a t i o n s ,  t he  fol low- 

i n g  impor tan t  conc lus ions  concerning t h i s  work can be drawn: 

1. The use  of p r e d i c t i v e  techniques  which l a c k  nozzle-plume chemis t ry  

( a l s o n o z z l e  boundary l a y e r )  w i l l  b e  i n s u f f i c i e n t  f o r  contaminant 

p r e d i c t i o n s  from monopropel lant  engines .  The c h a r a c t e r i s t i c s  of 

t h r u s t e r  ag ing  have y e t  t o  be modeled i n t o  a u s a b l e  code. 

The l a s e r  Raman-Rayleigh, e l e c t r o n  beam f l u o r e s c e n c e ,  QCM, and mass 

spec t rometer  a re  v i a b l e  measurement systems f o r  small engine  plume 

measurements. Due t o  t h e  i n d i r e c t  manner i n  which plume p r o p e r t i e s  

are ob ta ined  wi th  t h e  QCM, i t  i s  t h e  least  e f f e c t i v e  q u a n t i t a t i v e  

i n s t r u m e n t a t i o n  implement. The d a t a  b a s e - o b t a i n a b l e  w i t h  t h e s e  

systems i s  d i r e c t l y  a p p l i c a b l e  t o  i n t e r p r e t i n g  eng ine  behavior  and 

contaminat ion  p roduc t ion ,  

2. 

5 1 4  



3.  

4. 

5. 

1. 

2. 

3.  

Iil 

There are l a r g e  q u a n t i t i e s  of hydrazine 1.n t h e  forward f low exhaus t  

r eg ion  f o r  a l l  o p e r a t i n g  cond i t ions  du r ing  t h e  f irst  few p u l s e s  of 

a p u l s e  t r a i n  from an  aged t h r u s t e r ,  

Condensate levels  w i t h i n  t h e  exhaust  plume are  h i g h  f o r  c e r t a i n  

engine  o p e r a t i n g  cond i t ions .  

Copious q u a n t i t i e s  of  hydrazine may be  p r e s e n t  i n  t h e  forward f low 

reg ion  wi thout  a s e r i o u s  degrada t ion  o r  washout of  t h e  t h r u s t e r  

occur r ing .  

The fo l lowing  recommendations are obvious ex tens ions  of t h i s  work: 

Conduct a similar i n v e s t i g a t i o n  f o r  t h e  same type  t h r u s t e r  wi th  an  

unaged c a t a l y s t  bed. 

I n v e s t i g a t e  o t h e r  t h r u s t e r  des igns  i n  s i m i l a r  f a s h i o n  t o  de te rmine  

i f  ag ing  phenomena are c o n s i s t e n t  f o r  such des igns .  

With t h e  soon-to-be-established d a t a  base ,  e v a l u a t e  i n  d e t a i l  t h e  

p r e s e n t  p r e d i c t i v e  c a p a b i l i t i e s ,  e s t a b l i s h  t h e  d i s c r e p a n c i e s  and 

make improvements. 

MOCS 

n 

"TPno 

P ' i n l e t '  c 

NOMENCLATURE 

mass d e p o s i t i o n  ra te  on QCM s u r f a c e  

method of  c h a r a c t e r i s t i c s  s o l u t i o n  

s p e c i e s  number d e n s i t y  

e f f e c t i v e  n-Jmber d e n s i t y  r a t i o  determined from Rayleigh/Mie 

s c a t t e r i n g  

plume t o t a l  s p e c i e s  number densi. t y  and r e s e r v o i r  t o t a l  number 

d e n s i t y ,  r e s p e c t i v e l y  

engine iI7I.e t p re s su re  and combus t i o n  chamber p r e s s u r e ,  re- 

spec t i v e  l y  
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QCM q u a r t z  c r y s t a l  microbalance 

1: r a t i o  of  r a d i a l  d i s t a n c e  from ax ia l  c e n t e r l i n e  t o  nozz le  
A 

t h r o a t  d i ame te r  

r o t a t i o n a l  tempera ture  and r e s e r v o i r  tempera ture ,  r e s p e c t i v e l y  

c a t a l y s t  bed and QCM tempera ture ,  r e s p e c t i v e l y  

test c o n d i t i o n  and tes t  p e r i o d ,  r e s p g c t i v e l y  

TR,TO 

T ~ ~ *  T~~~ 

TC, TP 

X r a t i o  of a x i a l  d i s t a n c e  from nozz le  t h r o a t  t o  t h e  nozz le  
6 

t h r o a t  d i ame te r  
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